Multiple sclerosis (MS) is a chronic demyelinating disease of unknown etiology in which tissue pathology suggests both immune-dependent attacks to oligodendroglia and primary oligodendrocyte demise. The endocannabinoid system has been crucially involved in the control of autoimmune demyelination and cannabinoid-based therapies exhibit therapeutic potential, but also limitations, in MS patients. In this context, growing evidence suggests that targeting the hydrolysis of the main endocannabinoid 2-arachidonoylglycerol (2-AG) may offer a more favorable benefit-to-risk balance in MS than existing cannabinoid medicines. Here we evaluated the modulation of endocannabinoid signaling and the therapeutic potential of targeting the 2-AG hydrolytic enzyme alpha/beta-hydrolase domain-containing 6 (ABHD6) in the cuprizone model of non-immune dependent demyelination. The concentrations of N-arachidonoylethanolamine (anandamide, AEA) and its congener N-palmitoylethanolamine (PEA) were reduced following 6 weeks of cuprizone feeding. Deregulation of AEA and PEA levels was not due to differences in the expression of the hydrolytic and biosynthetic enzymes fatty acid amide hydrolase and N-acylphosphatidylethanolamine-phospholipase D, respectively. Conversely, we measured elevated transcript levels of 2-AG hydrolytic enzymes monoacylglycerol lipase, ABHD6 and ABHD12 without changes in bulk 2-AG concentration. Upregulated CB 1 and CB 2 receptors expression, ascribed in part to microglia, was also detected in the brain of cuprizone-treated mice. Administration of an ABHD6 inhibitor partially attenuated myelin damage, astrogliosis and microglia/macrophage reactivity associated to cuprizone feeding. However, ABHD6 blockade was ineffective at engaging protective or differentiation promoting effects in oligodendrocyte cultures. These results show specific alterations of the endocannabinoid system and modest beneficial effects resulting from ABHD6 inactivation in a relevant model of primary demyelination.
Introduction
Multiple sclerosis (MS) is a chronic disease of the central nervous system (CNS) with pathological characteristics including inflammation, demyelination, gliosis and axonal degeneration [1] . Pathological assessment at the early stages of white matter demyelination indicates that actively demyelinating lesions are heterogeneous, and can be categorized in distinct patterns [2] . While experimental autoimmune https://doi.org/10.1016/j.bcp.2018.07.042 Received 30 May 2018; Accepted 30 July 2018 encephalomyelitis (EAE) and Theiler's murine encephalomyelitis virus infection (TMEV) effectively mimic the type I and II lesions showing mononuclear and T cell infiltration [3, 4] , these models do not reproduce certain aspects of MS histopathology suggestive of immuneindependent myelin damage which are present in approximately 25% of biopsied active lesions, classified as pattern III [2] . Cuprizone-induced primary demyelination is regarded as a valuable model to reproduce patterns III and IV of MS early demyelinating lesions, characterized by oligodendrocyte dystrophy and apoptotic death [5] . The copper chelator cuprizone inhibits mitochondrial function, resulting in oligodendrocyte damage and demyelination without major blood-brain barrier disruption or involvement of T cells [3, 6] . Oligodendrocytes undergo caspase 3 activation-mediated apoptosis after 1 week of cuprizone exposure, followed by severe brain demyelination between week 3 and 6 of continuous exposure to a cuprizone-containing diet [3, 6] . Demyelination is accompanied by a well-characterized sequence of events that participate to myelin damage and repair, including microglia activation, astrocyte proliferation and recruitment of oligodendrocyte progenitor cells (OPCs) [6, 7] .
Endocannabinoids are bioactive lipids formed from plasma membrane precursors that bind and activate cannabinoid receptors CB 1 and CB 2 . More than two decades of research have demonstrated that cannabinoid modulating drugs relieve symptomatology and attenuate neurodegeneration, demyelination and inflammatory responses in MS [8] . It is a consistent finding that administration of CB 1 /CB 2 receptor agonists, such as the phytocannabinoid Δ 9 -tetrahydrocannabinol (Δ 9 -THC), exerts beneficial effects in experimental models of MS [9] [10] [11] .
Beyond cannabis derivatives, a number of recent preclinical studies have put forward the potential of targeting endocannabinoid hydrolysis in MS. In particular, pharmacological blockade of monoacylglycerol lipase (MAGL), the main enzyme responsible for the hydrolysis of the endocannabinoid 2-arachidonoylglycerol (2-AG), fully mimics the protective and regenerative efficacy of exogenous cannabinoids in MS mouse models [12] [13] [14] . However, the use of Δ
9
-THC and MAGL inhibitors has been associated to the appearance of unwanted effects, including psychoactivity, desensitization of brain CB 1 receptors and functional tolerance [15] , which limits their utility in the clinical practice. By contrast, accumulating evidence suggests that selective inhibition of the minor 2-AG hydrolytic enzyme α/β-hydrolase domaincontaining 6 (ABHD6) can provide therapeutic benefits in CNS inflammatory conditions, MS included, without producing cannabimimetic side effects [16] [17] [18] [19] .
The involvement of the endocannabinoid system in MS control is supported by a number of studies showing alterations in the levels of endocannabinoids and cannabinoid receptors in the EAE and TMEV mouse models [9, [20] [21] [22] . However, the activation state of the endocannabinoid system in animal models of primary demyelination has not been investigated. Here we studied possible changes in the expression of the main endocannabinoid signaling elements in the cuprizone model. We measured endocannabinoid levels and evaluated the expression of the main enzymes implicated in the synthesis and metabolism of these compounds. In addition, we analyzed the effects of ABHD6 blockade in this model of MS. Finally, we investigated the expression of the classical cannabinoid receptors CB 1 and CB 2 in damaged white matter following cuprizone feeding. Our results show specific alterations of the endocannabinoid system in a clinically relevant model of primary demyelination and subtle white matter protective, anti-inflammatory effects resulting from pharmacological ABHD6 blockade.
Materials and methods

Reagents
KT182
[4-[3′-(Hydroxymethyl)[1,1′-biphenyl]-4-yl]-1H-1,2,3-triazol-1-yl](2-phenyl-1-piperidinyl)-methanone] was synthesized in B Cravattś laboratory at The Scripps Research Institute (La Jolla, CA, USA), as previously described [23] . For ABHD6 expression analysis we used a rabbit anti-ABHD6 antibody kindly provided by Dr J Mark Brown (Cleveland Clinic Lerner Research Institute, Cleveland, OH, USA) [24] . All other chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless stated otherwise.
Cuprizone model
Experimental demyelination was induced by feeding 8 week-old male C57BL/6 mice (Charles River, Barcelona, Spain) a diet containing 0.3% cuprizone (bis-cyclohexanone oxaldihydrazone) mixed into milled chow (Altromin, Lage, Germany) for 3 or 6 weeks. In experiments aimed at testing the effect of ABHD6 blockade in demyelination mice were daily treated with KT182 or vehicle for 21 days starting at the first day of cuprizone administration. The ABHD6 inhibitor was dissolved in 15% DMSO:4.25% polyethylene glycol 400:4.25% Tween-80:76.5% saline and administered intraperitoneally (i.p.) in a volume of 10 mL/kg. Animals were maintained under standard laboratory conditions at the Animal Facility of the University of the Basque Country (UPV/EHU) with food and water ad libitum. All animal procedures were carried out in compliance with the European Communities Council Directive of 22 September 2010 on the protection of animals used for scientific purposes (Directive 2010/63/EU), and approved by the local ethical committee of the UPV/EHU (Comité de Ética en Experimentación Animal, CEEA-UPV/EHU).
Measurement of endocannabinoid levels
Mice anesthetized with ketamine/xylacine (80/10 mg/kg, i.p.) were killed by decapitation and a single coronal slice containing the corpus callosum was trimmed between levels 1 and −1 bregma [25] using a David Kopf Instruments brain blocker. Tissue samples, stored at −80°C until the moment of analysis, were weighted and homogenized in an ice-cold glass dounce-homogenizer in a mixture 2:1:1 (v:v:v) of chloroform:methanol:Tris HCl 50 mM (pH = 7.5) in a volume of 4 mL for 80-120 mg of tissue sample. Then, 200 pmol of d8-arachidonoylethanolamine (d8-AEA), 200 pmol of d8-2-AG, and 200 pmol of d5-palmitoyletanolamide (d5-PEA) (Cayman Chemical, Ann Arbor, MI, USA) as internal standards were added. The organic and aqueous layers were separated by centrifugation (4500×g, 2 min) and the organic layer transferred to a clean vial and dried under a stream of argon. The resulting fraction was reconstituted in 50 μL acetonitrile and analyzed by high-pressure liquid chromatography coupled to mass spectrometry (LC-MS). LC-MS analysis was performed using an Agilent 1200LC-MSD VL instrument. LC separation was achieved with a Zorbax Eclipse Plus C18 column (5 μm, 4.6 mm × 50 mm) together with a guard column (5 μm, 4.6 mm × 12.5 mm). The gradient elution mobile phases consisted of A (95:5 water:acetonitrile) and B (95:5 acetonitrile:water), with 0.1% formic acid as the solvent modifier. The gradient (flow rate of 0.5 mL/min) started at 0% B (for 5 min), increased linearly to 100% B over the course of 45 min, and decreased to 0% B for 10 min before equilibrating for 5 min with an isocratic gradient of 0% B. Mass spectrometry analysis was performed with an electrospray ionization source. The capillary voltage was set to 3.0 kV, and the fragmentor voltage was set at 70 V. The drying gas temperature was 350°C, the drying gas flow rate was 10 L/min, and the nebulizer pressure was 20 psi. LC-MS measurements were made by selected ion monitoring in positive mode. Fractions were quantified by measuring the area under the peak and normalized using d8-AEA, d8-2-AG, or d5-PEA as internal standards. Absolute AEA, 2-AG, and PEA levels were estimated by comparison with the respective deuterated standard.
Flow cytometry analysis
Mice treated with cuprizone for 6 weeks and untreated controls were decapitated under isoflurane anesthesia (IsoVet®, B Braun, Barcelona, Spain), and forebrain cells purified according to previously described procedures [26] . Briefly, brain tissue was dissected and placed in enzymatic solution (116 mM NaCl, 5.4 mM KCl, 26 mM NaHCO 3 , 1 mM NaH 2 PO4, 1.5 mM CaCl 2 , 1 mM MgSO 4 , 0.5 mM EDTA, 25 mM glucose, 1 mM L-cysteine) with papain (20 U/mL) and DNAse I (150 U/μL, Invitrogen, Carlsbad, CA, USA) for digestion at 37°C for 15 min. After homogenization, tissue clogs were removed by filtering the cell suspension through a 40 μm nylon strainer to a 50 mL Falcon tube and digestion quenched by addition of 5 mL of 20% heat inactivated fetal bovine serum in Hank's Balanced Salt Solution (HBSS, Thermo Fisher Scientific, Waltham, MA, USA). For further enrichment of microglia, myelin was removed by using Percoll gradients (GE Healthcare Europe GmbH, Barcelona, Spain). For this purpose, cells were centrifuged at 200×g for 5 min and resuspended in a 20% solution of isotonic Percoll in HBSS. Then, each sample was layered with HBSS and centrifuged for 20 min at 200×g. Collected cells were washed in HBSS by centrifuging at 200×g for 5 min and pellet was resuspended in 500 μL of sorting buffer (25 mM HEPES, 5 mM EDTA, 1% BSA, in HBSS). Cell suspensions were incubated with fluorochrome conjugated antibodies to CD11b (FITC; 1:100) and CD45 (PE; 1:100) (BioLegend, San Diego, CA, USA). Fc receptor Blocking Reagent was added to prevent nonspecific antibody binding to Fc receptors. Microglia were sorted as CD11b + cells with low CD45 expression [27] using a BD FACS Jazz (2B/4YG) cell sorter and analyser (BD Bioscience, San José, CA, USA). Cells were collected in lysis buffer (Qiagen, Hilden, Germany) containing 1% β-mercaptoethanol and stored at −80°C until processing. We confirmed that we had isolated a relatively pure population of microglia by nanofluidic qPCR analysis for the expression of several cell-type specific markers (Rbfox3, Aqp4, Gfap, Mbp, Olig2, Pdgfrα, Gpr34, P2ry12, Tmem119).
Nanofluidic qPCR
RNA from FACS-sorted microglia was extracted using the RNeasy plus Micro Kit (Qiagen). Following quality control of RNA samples (2100 Bioanalyzer, Agilent Technologies, Santa Clara, CA, USA), cDNA synthesis, pre-amplification and amplification steps were performed at the General Genomics Service of the UPV/EHU. For nanofluidic qPCR, the pre-amplified cDNA samples from purified microglia were measured with no reverse transcriptase and no template controls on 48 
, Tmem119 (Mm.PT.58.6766267). Data preprocessing and analysis were completed using Fluidigm Melting Curve Analysis Software 1.1.0 and Real-time PCR Analysis Software 2.1.1 (Fluidigm Corporation) to determine valid PCR reactions. Data were corrected for differences in input RNA using the geometric mean of the reference genes Ppia (Ppia_10013_i2) and B2m (B2m_60287_i0), and relative expression values were calculated with the 2 −ΔΔ Ct method.
Quantitative real-time PCR (RT-qPCR)
Anesthetized mice were transcardially perfused with cold RNase Free phosphate buffer saline (PBS, Ambion®, Thermo Fisher Scientific) for 30 s in order to remove blood cells from the brain. A single coronal slice containing the corpus callosum was trimmed between levels 1 and −1 bregma [25] and stored at −80°C until analysis. Total RNA from brain samples and oligodendrocyte cultures was extracted using RNeasy Protect Mini Kit (Qiagen) and Absolutely RNA Miniprep Kit (Agilent), respectively. First strand cDNA synthesis was carried out with reverse transcriptase Superscript™ III (Invitrogen) using random primers. RTqPCR was performed following MIQE guidelines (Minimal Information for Publication of Quantitative Real Time Experiments [28] . Primer pairs were designed with the PrimerExpress software (Applied Biosystems, Thermo Fisher Scientific) and were targeted to exon junctions to avoid amplification of contaminating genomic DNA. Primer sequences were as follows: mouse and rat Abhd6 forward 5′-ATC TAT TAT TGG TAC TGG CGG AGG-3′ and reverse 5′-TCA TGG TGT GCG TAG CGA AC-3′; mouse Abhd12 forward 5′-AGC TGT ACA AGG TGC TGA GTT CC -3′ and reverse 5′-CCC CAA CCT CTG TAG TCA AAG -3′; mouse Dagla forward 5′-GAC CTC AAG AAC TCG CAC GAG-3′and reverse 5′-GCG GAT AGC GAT TGC GTT-3′; mouse Faah forward 5′-GGC GAC TTT GTG GAT CCC T-3ánd reverse 5-CGA TAC ATC TCA ATC TCA TGC TGC-3′; mouse Magl forward 5-GGA ACA AGT CGG AGG TTG ACC-3′ and reverse 5′-CAC TCT TGC GAC GGC ATT C -3′; mouse Mog forward 5′-CCA TCG GAC TTT TGA TCC TCA -3′and reverse 5′-GGT GCA GCC AGT TGT AGC AG -3′; Nape-pld forward 5′-GCA GCG GGT TTC GAC TTC T3′and reverse 5′-TGG ATA CTG ATA GCT TGG CGC-3′; mouse Gapdh forward 5′-TGC AGT GCC AGC CTC GTC -3′and reverse 5′-GCC ACT GCA AAT GGC AGC-3′; mouse Hprt1 forward 5′-TAC TGT AAT GAT CAG TCA ACG GGG-3′ and reverse 5′-GTT GAG AGA TCA TCT CCA CCA ATA AC-3′; rat Gapdh forward 5′-GAA GGT CGG TGT CAA CGG ATT T-3′ and reverse 5′-CAA TGT CCA CTT TGT CAC AAG AGA A-3′. RT-qPCR was performed using SsoFastTM EvaGreen Supermix (Bio-Rad, Hercules, CA, USA). Amplifications were run in a CFX96™ Real Time System (Bio-Rad). Values were normalized to Gapdh and Hprt1 (brain tissue) or Gapdh (cultured cells) levels as endogenous references. The target mRNA quantity in each sample was determined from the relative standard curve and expressed in arbitrary units corresponding to the dilution factors of the standard RNA preparation (brain tissue) or using the 2 −ΔΔ Ct algorithm (cultured cells).
Western blot analysis
Anesthetized mice were transcardially perfused with cold PBS containing 140 mM NaCl, 7.5 mM Na 2 HPO4 and 2.5 mM NaH 2 PO 4 (pH = 7.4) for 30 s and the brains were rapidly removed. A single brain slice between levels 1 and −1 bregma [25] was obtained from each mouse and homogenized in 200 µL of RIPA with a protease inhibitor cocktail (Complete, Mini EDTA-free tablets, Roche, Mannheim, Germany). Tissue homogenates were centrifuged at 4°C for 10 min at 13,000×g and protein content in the supernatant was quantified with the Qubit® Protein Assay Kit (Invitrogen). Tissue extracts (10 µg) were subjected to 10% SDS-PAGE and proteins were electroblotted to nitrocellulose membranes (Hybond ECL, GE Healthcare Europe GmbH). After blocking, membranes were probed with primary antibodies overnight at 4°C followed by incubation with horseradish peroxidaseconjugated secondary antibodies (1:5000). Blots were developed using enhanced chemiluminiscence according to the manufacturer's instructions (Super Signal West Dura, Pierce, Rockford, IL, USA). Protein bands were detected with a ChemiDoc™ XRS Imaging System (Bio-Rad). Signals were quantified using NIH Image-J Software (Bethesda, MD, USA) and values normalized to β-actin signal. Membranes were probed with rabbit anti-ABHD6 antibody provided by Dr J Mark Brown [24] (1:500), rabbit anti-ABHD12 (1:1000; Abcam, Cambridge, UK), rabbit anti-CB 1 (1:500; ImmunoGenes, Budapest, Hungary); goat anti-FAAH (1:500; Santa Cruz Biotechnology, Dallas, TX, USA), rabbit anti-MAGL (1:1000; Santa Cruz Biotechnology), rabbit anti-β-actin (1:5000) or mouse anti-GAPDH (1:1000; Merck Millipore, Darmstadt, Germany). Western blot analysis of CB 2 receptor expression was carried out using an antibody directed against residues 200-300 of rat CB 2 receptor (ab45942, 1:500; Abcam, Cambridge, UK). This antibody recognizes a ∼45 KDa band according to the theoretical molecular weight of CB 2 receptors, that is abolished by reabsorption with the immunizing peptide [29] . To further validate the anti-CB 2 antibody used in western blot, we carried out immunocytochemistry experiments in HEK293 cells transfected with a bicistronic plasmid containing CB 2 receptor and GFP cDNA, generated at Dr. Itsván Katonás laboratory (Institute of Experimental Medicine, Budapest, Hungary). Showing that the antibody is sensitive to CB 2 protein, incubation with the anti-CB 2 resulted in reliable immunolabeling of CB 2 -GFP expressing cells that was absent from the non-expressing cells.
Histology, immunofluorescence and image analysis
Anesthetized mice were transcardially perfused with 0.1 M phosphate buffer (25 mM NaH 2 PO 4 ·H 2 O; 75 mM Na 2 HPO 4 ; pH = 7.4) followed by 4% paraformaldehyde (PFA) in the same buffer. After extraction, the brains were post-fixed in 4% PFA for 4 h. Tissue samples for cryostat sectioning were cryoprotected overnight in 20% sucrose at 4°C, embedded in Tissue-Tek OCT (Electron Microscopy Sciences, Hatfield, PA, USA) and stored at −80°C until use. All histological analyses were carried out in serial coronal sections between levels 1 and −1 bregma [25] . Demyelination and glial reactions were evaluated in 10 μm-thick cryostat sections using luxol fast blue (LFB) and immunofluorescence standard protocols. Tissue sections were blocked for 60 min in Tris-HCl buffered saline (TBS) (100 mM Tris Base, 150 mM NaCl; pH = 7.4) supplemented with 5% normal goat serum (Vector Laboratories, Burlingame, CA, USA) and 0.2% Triton X-100. Sections were then incubated overnight at 4°C with primary antibodies against myelin basic protein (MBP; 1:1000; Covance, Princeton, NJ, USA), GFAP for astrocytes (1:40; Merck Millipore), CD11b (1:100; Merck Millipore) for microglia/macrophages or NG2 (1:200; Merck Millipore) for OPCs. Optical images from tissue sections processed in parallel were acquired in the same session using a Zeiss Axioplan 2 microscope coupled to an Axiocam MRc5 digital camera (Zeiss, Oberkochen, Germany). Myelin damage was blind scored by two observers in both LFB and MBP stained sections using a 5-point scale ranging from 4 (normal myelin) to 0 (complete demyelination). Demyelination and glial reactivity were evaluated in two coronal sections separated 200 µm by examination of two digital 40X objective pictures from each slice including the middle line of the corpus callosum. Analysis of immunostained sections was carried out using microscope fluorescence intensity settings at which the control sections without primary antibody gave no signal. Threshold analysis of GFAP immunostained area was carried out in 16-bit grey scale transformed pictures and the values were referred to the total corpus callosum area in each optical section. CD11b-and NG2-positive cells were quantified by cell counting and data expressed as mean cell number per mm 2 of corpus callosum area.
Glial immunoreactivity was quantified using NIH Image J Software.
Immunostaining for ABHD6 and CB 1 receptors
For ABHD6 expression analysis, 50 µm-thick vibratome sections containing the corpus callosum were pre-incubated in 1% H 2 O 2 for 10 min at room temperature (RT) to inhibit endogenous peroxidase activity, and subsequently washed in TBS (pH = 7.4). Slices were blocked in 10% BSA, 0.1% sodium azide and 0.02% saponin in TBS for 30 min at RT. Tissue sections were subsequently incubated with rabbit anti-ABHD6 antibody [24] (1:250) for 48 h at 4°C. After primary antibody incubation, sections were treated with biotinylated anti-rabbit IgG (1:200; Vector Laboratories, Peterborough, UK) and then with avidin biotinylated-horseradish peroxidase complex (ABC; Elite, Vector Laboratories). Finally, the immunoperoxidase reaction was developed using 3, 3′diaminobenzidine (DAB) as a chromogen (Roche Diagnostics, Risch-Rotkreuz, Switzerland). Tissues were dehydrated and mounted in DPX. Threshold analysis of ABHD6 stained area was carried out in two digital 40X objective pictures including the middle line of the corpus callosum using NIH Image J Software.
For CB 1 receptor localization studies, vibratome sections were rinsed in TBS (pH = 7.4) and incubated for 60 min at RT in a blockingpermeabilization solution containing 1% human serum (Vector Laboratories) and 0.3% Triton X-100. Tissue sections were subsequently incubated for 48 h at 4°C with rabbit anti-CB 1 receptor (ImmunoGenes, Budapest, Hungary) combined with rat anti-CD11b (1:100; Merck Millipore) or mouse anti-GFAP (1:40; Merck Millipore) in TBS supplemented with 0.1% Triton X-100. Following extensive washing, primary antibodies were detected by incubation with appropriate Alexa Fluor® 594 and 488 conjugated goat antibodies (1:400; Invitrogen, Thermo Fisher Scientific) for 2 h at RT in darkness. Hoechst 33,258 (5 μg/mL) was used for chromatin staining. Sections were mounted in Vectashield (Vector Laboratories) mounting medium. Tissue sections from CB 1 receptor knockout mice on a C56BL6 background bred at the Animal Facility of the UPV/EHU were processed in parallel, and used as internal control for the specificity of the immunostaining. Confocal microscopy of labelled tissue sections was performed using a Leica TCS Sp8 STED CW confocal laser scanning microscope. Threshold analysis of CB 1 receptor immunostained area in the corpus callosum was carried out in two 40X objective confocal images acquired at 5 μm from tissue surface, using NIH Image J Software. The localization of CB 1 receptor in astrocytes and microglia/macrophages was evaluated by examination of z-stacked confocal images acquired with a 40X objective at a 0.3 µm step-size through dual-labelled tissue sections. All histological analyses were carried out in at least 3 mice per group.
Oligodendrocyte cultures
Primary mixed glial cultures were prepared from newborn (P0-P2) Sprague-Dawley rats bred at the Animal Facility of the UPV/EHU, according to previously described procedures [30] . Briefly, forebrains were removed from the skulls and the cortices isolated and digested by incubation (15 min, 37°C) in HBSS 0.25% trypsin and 4% DNAse. Cells were dissociated by passage through needles (21 G and 23 G), centrifuged and resuspended in Iscove's modified Dulbecco's medium supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) and antibiotic/antimycotic solution. Cells were seeded into poly-D-lysine-coated 75 cm 2 flasks, and maintained in culture at 37°C and 5% CO 2 . After 10-15 days in culture, the flasks were shaken (400 rpm) for 2 h at 37°C to remove loosely adherent microglia. The remaining OPCs present on top of the confluent monolayer of astrocytes were dislodged by shaking overnight at 400 rpm. The cell suspension was then filtered through a 10 μM nylon mesh and preplated on bacterial grade Petri dishes for 2 h. The non-adherent OPCs that remained in suspension were recovered and plated again on bacterial grade Petri dishes for 1 h. The resulting enriched OPC suspension was centrifuged and resuspended in a chemically defined Dulbecco's modified eagle's medium that contained 100 μg/mL transferrin, 60 ng/mL progesterone, 40 ng/ mL sodium selenite, 5 μg/mL insulin, 16 μg/mL putrescine and 100 μg/ mL BSA. supplemented with the differentiating factors triiodothyronine (T3; 30 ng/mL) and thyroxine (T4; 40 ng/mL).
Excitotoxicity assays
Oligodendrocytes were pre-incubated for 30 min with drugs or vehicle [DMSO 0.1-0.2% (v/v) final concentration] and exposed to AMPA plus cyclothiazide (10 μM:100 μM; Abcam) for 15 min. The medium was subsequently replaced and cells were incubated overnight in the presence of MAGL or ABHD6 inhibitors. Oligodendrocyte viability was determined 24 h after the excitotoxic stimulus using MTT (CellTiter 96® Non-Radioactive Cell Proliferation Assay, Promega, Madison, WI, USA) in a Synergy-HT fluorimeter (Bio-Tek Instruments, Winooski, VT, USA) as described previously [31] . At least 3 independent experiments in triplicate were performed for each condition.
Differentiation assays
After the 2 day proliferation period, cell differentiation of OPCs was promoted by switching the cultures to fresh medium lacking mitogenic factors and supplemented with the differentiating factor T3 (30 ng/mL), in the presence or absence of experimental drugs for the times indicated. Drugs were replenished in the cultures every day. Differentiation was evaluated by western blot expression analysis of the oligodendrocyte differentiation marker MBP. Cells were harvested in 40 μL ice-cold electrophoresis sample buffer and were subjected to 10% SDS-PAGE as described above. Data are representative of at least 3 independent experiments.
Data analysis and statistics
Data are presented as means ± S.E.M. and n represents the number of animals or cultures tested. Statistical analyses were performed using GraphPad Prism 6 for Windows, version 5.0 (GraphPad Software Inc. San Diego, CA, USA). Results were analyzed by unpaired Student's ttests or univariate analysis of variance (ANOVA). In all instances, p values < 0.05 were considered statistically significant.
Results
Demyelination by cuprizone feeding disrupts endocannabinoid tone
Exposure to a cuprizone containing diet for 3 and 6 weeks induced effective demyelination of the forebrain as reflected by the progressive decline in Mog expression and by the loss of LFB myelin staining in the corpus callosum (Fig. 1B and E) . Consistent with previous reports [7] , demyelination by cuprizone feeding was accompanied by a prominent glial reaction consisting in the recruitment of microglia, astrocytes and OPCs to the corpus callosum. Following 6 weeks of cuprizone administration, we measured significant increases in the presence of CD11b p < 0.0001) (n = 5 control and 6 cuprizone-treated mice).
To investigate whether the endocannabinoid system is modulated during primary demyelination, we first measured endocannabinoid concentrations in brain slices from mice fed a cuprizone-containing diet for 6 weeks. Brain levels of the main endocannabinoid 2-AG were not significantly influenced by cuprizone feeding (Fig. 1A) . By contrast, the concentrations of the endocannabinoid AEA and of the structurally related N-acylethanolamine PEA were significantly decreased in cuprizone treated mice as compared to untreated controls (Fig. 1A) . These results point to a selective deregulation of AEA and PEA production and/or metabolism in the brain of mice treated with cuprizone. We next sought for possible changes in the expression of the enzymes responsible for the synthesis and degradation of AEA and PEA in cuprizone-treated mice. The most widely studied pathway for the production of AEA and PEA is the one-step conversion of the corresponding N-acylphosphatidylethanolamines (NAPEs) by NAPE-phospholipase D (NAPE-PLD), while the major route for their metabolism involves enzymatic hydrolysis by the fatty acid amide hydrolase (FAAH) [32] . However, qRT-PCR analyses showed no significant alteration in the expression of Nape-pld or Faah at any of the time points tested (Fig. 1B  and C) . Consistent with the absence of major changes in 2-AG levels, cuprizone feeding did not modulate the gene expression levels of the main enzyme involved in brain 2-AG production, namely diacylglycerol lipase-α (DGLα) (Fig. 1B) . Unexpectedly, the enzymes responsible for degrading 2-AG were upregulated at the transcriptional level during the time-course of cuprizone administration (Fig. 1C) . Following 6 weeks of toxin feeding, we measured a small but significant increase (21 ± 13%; p < 0.05) in Mgll expression levels and a more prominent augmentation of Abhd6 (86 ± 46%; p < 0.05) and Abhd12 (506 ± 70%; p < 0.001) levels. In order to determine whether these changes in gene expression levels are translated into protein increases, we performed western blotting in brain samples from the same cohorts of cuprizone-treated mice and untreated controls. We found a significant increase in ABHD12 (45 ± 17%; p < 0.05) expression without significant upregulation of MAGL levels (Fig. 1D) . Protein quantification also showed a non-significant upregulation of ABHD6 expression (36 ± 25%) by cuprizone feeding. To further analyze possible changes in ABHD6 levels following cuprizone intoxication we evaluated enzyme expression in damaged white matter by immunohistochemistry. Immunolabeling of ABHD6 in tissue sections evidenced a substantial increase in the expression levels of the enzyme in the demyelinated corpus callosum of mice treated with cuprizone for 6 weeks ( Fig. 1E and F) . Collectively, these results suggest that primary demyelination is associated to deficits in endocannabinoid signaling involving decreased bulk AEA and PEA levels as well as an enhanced expression of 2-AG hydrolytic enzymes ABHD6 and ABHD12.
ABHD6 inactivation attenuates demyelination by cuprizone feeding
Blockade of ABHD6 has been recently postulated as a novel strategy to modulate the endocannabinoid system in MS based on results in the EAE model [17] . In this study, we sought to evaluate the effects of ABHD6 blockade in the cuprizone model of primary demyelination. With this aim, we used the recently characterized ABHD6 inhibitor KT182, which readily crosses the blood brain barrier and effectively targets the enzyme in brain tissue following intraperitoneal administration [23] . Daily prophylactic treatment with KT182 reduced demyelination of the corpus callosum after 3 weeks of cuprizone treatment, as determined by histological evaluation of LFB and MBP staining ( Fig. 2A and B) . Amelioration of myelin pathology by KT182 was associated to a substantial suppression of inflammation evidenced by a reduced amount of both CD11b + -microglia/macrophages and GFAP + -astrocytes in the corpus callosum of mice treated with the ABHD6 inhibitor (Fig. 2C) . By contrast, administration of KT182 did not modulate the recruitment of NG2 + OPCs to the demyelinated corpus callosum (Fig. 2C) . Altogether, these data support the hypothesis that ABHD6 blockade engages myelin protective and anti-inflammatory effects during primary demyelination.
ABHD6 blockade does not modulate oligodendrocyte excitotoxicity and maturation
Protection from oligodendrocyte excitotoxicity is a relevant mechanism for the beneficial effects of MAGL inhibitors in MS animal models [12, 33] . In this regard, we have recently shown that 2-AG engages CB 1 receptor mediated protective effects in cultured oligodendrocytes that are potentiated by pharmacological attenuation of MAGL activity [12] . Based on these results, we next sought to investigate whether inhibition of ABHD6 modulates excitotoxicity to oligodendrocytes in vitro. We first corroborated the expression of Abhd6 in cultured oligodendrocytes by qPCR analysis (Fig. 3A) . The ABHD6 inhibitor KT182 did not prevent oligodendrocyte death by activation of AMPA receptors at any of the concentrations tested (10 nM-1 µM) (Fig. 3B) . Confirming our previous observations [12] , the MAGL inhibitor JZL184 effectively attenuated excitotoxicity in the same cultures and thus corroborated the efficacy of 2-AG production and signaling machinery in our experimental conditions (Fig. 3C) .
Blockade of MAGL accelerates differentiation of OPCs by endogenously synthesized 2-AG and promotes remyelination in vivo [13, 34] . In the cuprizone model, proliferating NG2 + OPCs differentiate even during continuous toxin feeding and newly generated mature oligodendrocytes reappear at low numbers already at week 5 [6] . Although the absence of significant alterations in the number of NG2 + cells in demyelinated corpus callosum from mice dosed KT182 (Fig. 2C) suggests that accelerated differentiation is not a relevant mechanism of white matter protection by ABHD6 blockade, this possibility cannot be completely discarded based on this histological observation. To specifically address this issue, we evaluated the efficacy of KT182 to induce in vitro differentiation of rodent OPCs. Basal differentiation of OPCs was induced by mitogen withdrawal and addition of thyroid hormone T3 for 48-96 h and confirmed by western blot analysis of the mature oligodendrocyte marker MBP (Fig. 3D) . Incubation with increasing concentrations of the ABHD6 inhibitor failed to enhance the expression levels of MBP as determined by western blot analysis following 96 h of compound treatment (Fig. 3E) . In good agreement with previous reports [34] , the MAGL inhibitor JZL184 induced substantial differentiation of OPCs at this time point (Fig. 3F) . Overall, these results show that blockade of ABHD6 activity in oligodendrocytes is incapable of engaging autocrine/paracrine cannabinoid receptor-dependent protective and maturation promoting mechanisms in these cells.
Demyelination by cuprizone upregulates CB 1 and CB 2 receptor expression
The protective efficacy of ABHD6 inhibitors in rodent models of CNS damage is normally attributed to the elevation of 2-AG levels engaging both CB 1 and CB 2 receptor-dependent [17, 19] and -independent [18, 35] mechanisms. As both cannabinoid receptors are crucially involved in regulating tissue damage and neuroinflammation in murine models of MS [10, [36] [37] [38] , we next evaluated possible changes in the expression of cannabinoid CB 1 and CB 2 receptors induced by cuprizone feeding. qRT-PCR analyses showed significant increases in the expression levels of Cnr1 (47.2 ± 7.9%; p < 0.01) and Cnr2 (743 ± 53%; p < 0.001) (n = 7 mice) following 6 weeks of cuprizone feeding (Fig. 4A) . However, evaluation of protein expression levels by western blot did not reveal significant modulation of CB 1 or CB 2 receptors in brain samples from cuprizone-treated mice (Fig. 4B) .
During neuroinflammation, activated microglia modulate CB 1 and CB 2 receptor expression in a context-specific manner [39, 40] . To further investigate the role of these proteins as regulators of microglial activity in the cuprizone model, we evaluated the expression of CB 1 and CB 2 receptors in microglial cells purified using flow cytometry. CB 1 receptor transcript levels were significantly downregulated in microglia sorted from cuprizone-treated mice (p < 0.001), while CB 2 receptor mRNA expression increased by 1.2 fold (p < 0.05) (Fig. 4C) . Although there is agreement that CB 2 receptors are crucially involved in the control of microglia activation during neuroinflammation [39] , the contribution of CB 1 receptors to endocannabinoid mediated modulation of microglial cell function in vivo remains controversial. On the other hand, accumulating evidence suggests that astrocytes express CB 1 receptors [41] amenable to regulate the function of these cells during inflammatory demyelination. Because both astrocytes and microglia are markedly upregulated by cuprizone feeding and both astroglial and microglial reactivity were attenuated by administration of the ABHD6 inhibitor KT182 (Fig. 2C) , we next analyzed the expression and localization of CB 1 receptors with regard to either cell type in the demyelinated corpus callosum. Animals fed with control diet exhibited positive CB 1 receptor immunolabeling in the corpus callosum as compared to CB 1 receptor deficient mice used as internal controls for the specificity of the staining protocol (Fig. 4D) . Consistent with the results from gene expression studies in brain tissue, immunofluorescence analysis showed significant CB 1 receptor upregulation following cuprizone intoxication (Fig. 4D) . Unexpectedly, high magnification confocal microscopy showed that CB 1 receptors were predominantly expressed by the microglia/macrophage cell population in demyelinated corpus callosum, as the majority of CB 1 receptor immunostaining appeared to lie on processes positive for the CD11b, and only scattered puncta had potential association with GFAP + profiles (Fig. 4E) . As parenchymal microglia largely outnumber infiltrating macrophages during demyelination by cuprizone feeding [42] , our histological observations suggest that CB 1 receptor overexpression in damaged white matter is preferentially related to the microglia versus astrocytic pool of glial cells. Altogether, these observations support the possibility that both CB 1 and CB 2 receptors participate in the control of microglial activity and inflammation during demyelination by cuprizone feeding.
Discussion
The first goal of this study was to determine whether primary demyelination alters endocannabinoid levels and signaling machinery. Secondly, we sought to investigate the benefits of targeting the 2-AG hydrolytic enzyme ABHD6 during toxin-induced demyelination in vivo, and the potential mechanisms mediating such effects. Our work shows that the endocannabinoid system is relevant to the demyelination processes ensuing oligodendrocyte demise and that ABHD6 blockade exerts mild myelin protective effects associated to the control of glial reactivity.
In this study, we provide evidence that AEA and PEA, but not 2-AG, are reduced in the cuprizone model. The absence of major changes in 2-AG levels is in good agreement with findings in the spinal cord of EAE mice [43] and in cerebrospinal fluid from MS patients [22] , though higher 2-AG levels have also been reported in the EAE model [9] . On the other hand, our data concerning reduced AEA levels in cuprizonetreated mice are in clear contrast with the increased concentration of this endocannabinoid reported in brain tissue, cerebrospinal fluid and plasma from MS patients [22, 44, 45] . It is worth mentioning, however, that lower levels of AEA and its congener PEA have also been reported in patients with MS [46] . Findings in animal models are equally controversial, as reduced [47] , increased [9, 22] and unaltered [21] AEA concentrations have been shown in the EAE model. Discrepancies between studies addressing endocannabinoid levels in MS models and patients may be attributed to differences in the extent of tissue damage, targeted CNS region and time point of analysis. Importantly, elevation of AEA levels in MS patients has been associated to the presence of lymphocytes, as AEA is more abundant in active lesions than in quiescent ones and increased levels of the endocannabinoid have been measured in peripheral lymphocytes from MS patients [22, 44] . In this context, the absence of significant infiltration of peripheral immune cells in the brain of cuprizone treated mice will most likely contribute to the specific changes in endocannabinoid levels that we report in this animal model. Concerning PEA, increased levels of this endocannabinoid have been measured in chronic EAE and TMEV [9, 20] , whereas both elevations [45] and reductions [46] have been reported in plasma and cerebrospinal fluid from MS patients. Regardless inconsistencies between studies, our results in the cuprizone model suggest that primary demyelination is associated to deficits in endocannabinoid signaling resulting from a selective deregulation of AEA and PEA levels, and support the potential of targeting endocannabinoid metabolism for myelin protective purposes.
AEA and PEA share common biosynthetic and metabolic pathways [48] and it seems plausible to propose that the observed parallelism in the evolution of both lipids may reflect changes in the activity of one or several enzymes commonly regulating their levels during demyelination. Elevated concentrations of AEA have been associated to increased NAPE-PLD and reduced FAAH expression and/or activities in EAE mice and MS patients [9, 22] . On the other hand, FAAH expression is induced in hypertrophic astrocytes of MS lesions [49] pointing to an enhanced AEA hydrolytic activity in these cells. In the cuprizone model, however, we found no significant modulation of NAPE-PLD or FAAH expression levels despite the prominent astrocyte reaction associated to toxin-induced demyelination. Although our results do not exclude local changes in the activity of these enzymes that may contribute to the reduced AEA and PEA levels reported here, they also point to the possibility that cuprizone intoxication upregulates alternative endocannabinoid hydrolytic and oxygenating enzymes, such as N-acylethanolamine-hydrolyzing acid amidase (NAAA) and cyclooxygenase-2 (COX-2) [48] . In this regard, the existing literature is supportive of increased COX-2 activity mediating demyelination in the cuprizone model [50, 51] . Addressing the relative contribution of canonical and alternative pathways to endocannabinoid metabolism during primary demyelination is a pending issue in the MS field that will help elucidate the utility of targeting the endocannabinoid system with specific enzyme inhibitors in this medical condition.
When examining the consequences of ABHD6 inactivation in the cuprizone model we found a modest but significant attenuation of toxin-induced demyelination in mice dosed with KT182. This result is reminiscent of the beneficial effects associated to MAGL blockade in the cuprizone model [12] , and support the utility of targeting 2-AG hydrolysis during primary demyelination. In terms of myelin protection, however, targeting ABHD6 (present report) seems to be less efficient than inactivating MAGL [12] against cuprizone intoxication. This observation is consistent with the minor role of ABHD6 in 2-AG metabolism (4%) as compared to MAGL [52] . At this point, it is also worth mentioning that blockade of ABHD6 blockade did not mimic the efficacy of MAGL inhibition at attenuating oligodendrocyte excitotoxicity or at promoting the in vitro differentiation of OPCs. From these observations, we can conclude that the weak enzymatic activity of ABHD6 in oligodendroglia is insufficient to promote 2-AG mediated biological effects through the activation of cannabinoid receptors present in these cells. In this scenario, manipulation of MAGL dependent 2-AG metabolism emerges as a unique opportunity to locally engage endocannabinoid signaling mechanisms and therapeutic benefits in myelinated white matter, as supported by recent evidence from in vivo studies in MS animal models [13, 14] .
Our in vitro observations, together with the absence of changes in the number of NG2 + cells in mice treated with KT182, suggest that the myelin preserving effect of the ABHD6 inhibitor during cuprizone feeding does not result from direct, protective or remyelination promoting effects in oligodendrocyte lineage cells. Conversely, ABHD6 blockade was associated to a robust decrease in the inflammatory cellular infiltrate associated to cuprizone intoxication, as evidenced by the reduced recruitment of both microglia and astrocytes to the demyelinated corpus callosum. Whether attenuated reactivity of microglia and astrocytes results from cell-autonomous modulation or, indirectly, as a consequence of ABHD6 blockade and inhibition of 2-AG metabolism in other cell types such as neurons or oligodendroglial cells, remains to be addressed. Notably, ABHD6 inactivation exerts a more efficient control of demyelination associated astrogliosis in the cuprizone model as compared to MAGL blockade [12] , despite the proposed relevance of astrocytic MAGL in the termination of 2-AG signaling [53] . These results show that each individual 2-AG hydrolytic enzyme allows for a differential control of endocannabinoid signaling at particular cell types during myelin damage and repair, and point to a relevant role of ABHD6 in the regulation of astrocytic functions during myelin pathology in vivo. Supporting a role of CB 1 and CB 2 receptors in the cellular events governing primary demyelination, in this study we report a 8-fold increase in CB 2 receptor gene expression and a more modest upregulation of CB 1 receptor mRNA levels in brain tissue from cuprizone-treated mice. Concerning CB 1 receptors, our observations contrast early reports showing decreased CB 1 receptor expression in the EAE mice [54] [55] [56] . This apparent discrepancy might reflect, at least in part, the different degree of neurodegeneration in the EAE and cuprizone models. Indeed, neuronal damage and synaptic loss are prominent features in the EAE model, whereas demyelination-associated degeneration of axons is only marginal during cuprizone-feeding [6] . Conversely, the strong increase in CB 2 receptor mRNA expression associated to cuprizone challenge is in good agreement with findings in EAE and TMEV mice [20, 43, 56] , and consistent with the proposed relevance of this protein in the control of neuroinflammation, as demonstrated during the last decade [57] . Nevertheless, CB 2 receptor upregulation at the transcriptional level was not associated to significant increases in protein expression in western blot assays. This discrepancy might be attributed to the limited sensitivity of the western blot technique to detect local upregulation of CB 2 receptors in the demyelinated corpus callosum. In addition, the possibility also exists that translational suppression mechanisms limit CB 2 receptor protein responses, as recently reported for highly expressed innate immune genes in activated microglia [58] . In this study, we did not address the immunohistochemical localization of CB 2 receptors in demyelinated white matter due to the lack of a decisive negative control test allowing for unambiguous detection of the protein in tissue sections. This issue might be relevant to add further information on the biological significance of CB 2 receptor function during primary demyelination. Based on the existing literature in the MS field and keeping in mind that demyelination in the cuprizone model takes place without marked infiltration of peripheral immune cells [6, 42] , it can be hypothesized that increased CB 2 receptor expression by cuprizone feeding most likely occurs in glial cells [49, 57] . With regard to the cellspecificity of CB 2 receptor upregulation, we provide direct evidence that activated microglia increase CB 2 receptor transcripts in response to cuprizone intoxication. It is noteworthy, however, that the extent of Cnr2 upregulation was much lower in microglia than in whole brain tissue extracts from cuprizone treated mice ( Fig. 2A and C) , suggesting that other cell types, likely astrocytes and OPCs, may upregulate CB 2 receptor during primary demyelination. Finally, increased Cnr2 expression in microglial cells has been often correlated to changes in receptor levels and/or function, both in vitro and ex vivo [57, 59, 60] , supporting the hypothesis that activated microglia in the cuprizone model translate CB 2 receptor transcript upregulation to increased protein levels at the plasma membrane, at least to a certain extent.
On the other hand, in this study we also show increased CB 1 levels in demyelinated corpus callosum partly localized to microglial cells. These histological observations suggest that microglia activated during the time-course of toxin-induced demyelination upregulate CB 1 receptor expression. Unexpectedly, gene expression analysis in purified microglia showed reduced transcriptional expression of CB 1 receptors associated to cuprizone feeding. This striking observation likely reflects a complex regulation of CB 1 receptor transcription/translation mechanisms in microglia activated during the demyelination process that may involve accelerated mRNA translation, increased protein half-life and feedback mechanisms leading to attenuated gene transcription, among others. Mechanistic considerations aside, our immunohistochemical results provide novel evidence pointing to a relevant role of CB 1 receptors in regulating microglial function during primary demyelination in vivo. Collectively, our observations also support the hypothesis that ABHD6 inactivation modulates microglial reaction in the cuprizone model at least in part through activation of CB 1 and CB 2 receptors upregulated by these cells. Alternatively, cannabinoid receptor-independent mechanisms can also be suggested, based on the existing literature addressing the effects of 2-AG hydrolysis blockade in models of neuroinflammation [16] .
In summary, our data show that demyelination induced by cuprizone feeding is associated to specific changes in the endocannabinoid system that may contribute to and/or regulate damage progression in this animal model. These findings may have significant implications for brain disorders with an important component of primary damage to oligodendrocytes and myelin.
